• Observational learning of tool manipulation leads to mu rhythm modulation.
Introduction
Tools represent a special class of object as they are defined by the way one interacts with them, and the purpose they serve. Hence, when seeing manipulable tools, information about potential action interaction points, or "affordances" [1] , is extracted. Furthermore, familiar tools can initiate the retrieval of stored information about associations between the object, an object-related action and an action goal, which is based on previous object interaction experience [2] . Several functional neuroimaging studies have found activations of a frontoparietal network by the sight of familiar tools, most likely representing the stored motor action representation associated with the tool (for review, see [3] [4] [5] [6] ). Furthermore, behavioral studies have shown that the mere sight of tools can prime, or "potentiate", motor responses to object parts, affording an action through motor facilitation, therefore supporting the idea of the automatic extraction of affordances when seeing manipulable objects. Together, these findings suggest that action information can be an integral part of object representations.
One potential mechanism for this is described in the Two Action Systems Model [2] , which proposes that the action system is separable into two functionally and anatomically distinguishable units, a Structural System and a Functional System. The Structural System is devoted to perform an online analysis of visual object structures for a rapid interaction and is proposed to be not exclusively cognitive. During repeated and skilled interaction with objects, a Functional System extracts the characteristics of an action that remain constant across object-directed interactions, hence providing the basis for the formation of conceptual object representations. During manual object interaction the extracted functional knowledge and object-associated actions thus become integral parts of conceptual representations, which do, however, comprise different types of knowledge about an object in different modalities. A key component for the evolution of human tool use behavior is the capacity to learn through the observation of others performing an action [7] . This therefore suggests that the formation of mental representations of tools is not only bound to direct interactive experience with the object, but can also result from indirect experience through the observation of others' interactions with the object. It has been shown that certain neurons in area F5 of the monkey cortex, called "mirror neurons", discharge during the observation of others performing object-related actions [8] [9] [10] , a property that has been proposed to represent a direct matching mechanism by which the observed motor action is mapped onto the observer's internal motor representations [11, 12] .
Electroencephalography (EEG) studies investigating sensorymotor processing in humans have analyzed the mu rhythm, which refers to oscillatory brain activity in the alpha and beta band (8) (9) (10) (11) (12) Hz and ∼20 Hz), in electrodes placed over the sensory-motor cortices. Event-related desynchronization (ERD) of the oscillatory neuronal firing that underlies the mu rhythm can, for example, be found during movement execution (e.g., [13] [14] [15] ) but also during the observation of movements (e.g., [16, 17] ) and movement imagery (e.g., [18] ). These properties of the mu rhythm show that the motor system can also be engaged in the absence of active action execution, and some researchers argue that this activity partly represents an index of the mirror neuron system [19] . Furthermore, findings on the suppression of the mu rhythm during object-related in contrast to meaningless actions have been interpreted as activation of goal-directed motor programs related to the mirror neuron system [16] . Interestingly, the simple viewing of tool stimuli, even without the demand to interact, can also lead to mu rhythm suppression between 140 ms and 300 ms after stimulus presentation [20] , possibly reflecting the automatic access to object-associated actions. Further support for this comes from early event-related potentials (ERPs) during the processing of tools for which sources were described in the left postcentral gyrus and bilateral premotor cortex. However, so far it is not clear if the modulation of the mu rhythm during the sight of tool stimuli relates to simple visual affordance processing, or to experience-dependent object-action associations that can be acquired during observation of object manipulation. As mu suppression has been found both for action execution and for the sight of known objects [13] [14] [15] 20] , it seems likely that active object experience plays a role in the activation of motor cortex during visual object processing. While mu suppression was also seen for the observation of meaningful actions [16, 17, 21] , it is not clear what effect the observation of object interactions has on the formation of object-action associations. The mirror neuron hypothesis [8] [9] [10] and related simulationist theories [22] posit that direct motor experience may not be necessary to form such associations, but rather observation of object-related motor actions may be sufficient. However, this is a topic that is still hotly debated.
A major problem with using familiar tools in experiments addressing experience effects is that interindividual differences in previous knowledge cannot be controlled for. Recently, several training studies have used novel objects to overcome this problem (e.g., [23] [24] [25] [26] ). In these studies, subjects systematically received different types of object-related experience. Even though the object-related knowledge gained cannot be compared to existing conceptual representations, training studies can lead to important insights, providing a model for the mechanisms involved in the emergence of new object representations. One such study found that early activation over sensory-motor and occipito-parietal brain regions during object processing only occurred in the condition in which object-related movements had been previously trained through pantomimed actions, as compared to training with non-functional actions that were not relevant to the object being seen [25] . The authors here concluded that object processing can be altered with respect to the specific sensory-motor interactions with objects during knowledge acquisition.
In the current study, novel, tool-like objects ( [23] similar to the ones used by Weisberg et al. [24] ) were used to investigate whether observing the manipulation of objects had a differential impact on neural correlates of object-action associations, as reflected in the sensory-motor mu rhythm, when compared to the mere learning about object function, but without seeing the object being used. Each participant in the present study received three sessions of object-related training over 3 days. For one set of objects, participants observed an experimenter manipulating the invented, unfamiliar tools during training (observation of manipulation training objects, OBS). For another set of invented and unfamiliar tool objects, participants were informed about the tools' function but only visually explored the object (visual training objects, VIS). Finally, a third object set served as an untrained control set (not trained objects, NO). Before and after training, participants performed a visual matching task during which photographs of all tools were shown and brain activity was measured with EEG.
We expected a post training modulation of ERD of activity in the sensory-motor mu rhythm depending on the specific training experience with the objects. More specifically, we predicted that the processing of objects that had been observed to be manipulated (OBS) would lead to a larger mu rhythm suppression as compared to objects that had not been seen to be manipulated (VIS and NO).
Materials and methods

Participants
Twenty-one right-handed students (11 women, mean age 25.33, SD = 3.71, range = 20-34) with normal or corrected-to-normal vision participated in the study. No participant had a history of neurological or psychiatric diseases. All were informed about the testing procedure and signed a written consent. Participants received either course credit or financial reimbursement. The study was approved by the Ethics Committee of the Medical Faculty at Ruhr University Bochum, Germany.
Overall procedure
Using a children construction toy (K'nex TM ), similar to the studies in [23, 24] , 36 novel objects were constructed. Participants completed a visual picture matching task with the objects, before and after training, during which brain activity was recorded with EEG. Training occurred over three sessions on three different days with some of the invented, unfamiliar objects. The average time span between the first and the last training was 8.1 days (SD = 3.7), whereas the mean interval between the last training session and the post training EEG assessment was 3.2 days (SD = 2.5). The mean duration from the first training to the second EEG session was 10.7 days (SD = 4.4) on average.
Novel object stimuli
Each novel object served one of six possible functions related to a specific manipulation (separation, pushing, tagging, crushing, transporting and moving other small objects, e.g., paper rolls or table tennis balls). Every object had at least one moveable part or a handle that could be used for the specific type of manipulation related to object function.
A separate group of subjects (N = 33) evaluated each object in terms of singularity, visual complexity and possible real-object associated affordances (how much the object resembles a known object and which affordances it raises) with a structured questionnaire. Singularity was assessed by asking how outstanding an object is compared to the other objects (on a 7-point scale) and what other object was most similar to a given object and how strong the similarity was (again on a 7-point scale). Participants also rated the visual complexity ("How complex is the object visually?") of the objects on a scale from 1 (low visual complexity) to 7 (high visual complexity). Additionally, participants rated how much the object resembled a real object and, if yes, how strong this association was. Finally, participants were asked to write down if they could think of a specific function the depicted object might have. Based on these ratings, the 36 objects were divided into three object sets including 12 objects each matched with respect to the assessed parameters.
Training sessions
The training sessions lasted 80 min each, and served to induce object representations in the participants. Only two of the three object sets were used for training, whereas the third object set served as a control condition (NO), and were therefore included in the visual matching task. Training for the two trained object sets differed to induce qualitatively different types of object representations. One set of objects (VIS) was part of a "visual training" while the second object set (OBS) was part of an "observation of manipulation training". Hence, after three training sessions, each participant had completed three "visual trainings" with 12 objects and three "observation of manipulation trainings" with 12 different objects. Each object appeared once in each of the three training session. Assignment of the object sets to the training conditions was counterbalanced and randomized across participants.
Observation of manipulation training
In the "observation of manipulation training", the execution of object manipulation was demonstrated for each of the objects by an experimenter. No participant executed the manipulation him-/herself. Each object was placed on a table in front of the participants while naming the specific function of the object. In this training, however, the experimenter then explained the discrete steps of manipulation by a standardized verbal description while each step of manipulation was demonstrated simultaneously, which illustrated the intended function of the object. Subsequently, the object was manipulated by the experimenter for 90 s while the participants were instructed to carefully watch. To ensure that all participants were attending to the manipulation, they were instructed to silently count how often each object was manipulated within the 90 s.
Visual training
For the objects with "visual training", each was placed on the table in front of participants, one at a time, and the specific function of the object was named, but without any indication of how the object could be manipulated. Then participants had 90 s to visually explore and simultaneously describe the object. As for the "observation of manipulation training" object set, it was prohibited to touch the objects. In the cases where participants were not able to fill the required 90 s with verbal description, the experimenter prompted a more detailed depiction of the object by asking specific questions about the object (e.g., "how many of these yellow parts does the object have").
The matching task
Before and after training, participants performed an identical visual matching task (similar to [23, 24] ) with pictures of the invented tool-like objects, to investigate training-induced changes of object processing (see Fig. 1 ). The matching task was presented on a computer screen, and each trial started with an exclamation mark, with a varying duration of 600-1600 ms, which was followed by a fixation cross presented for 500 ms. A photograph of one of the objects was then shown for 1000 ms, followed by another fixation cross with varying duration between 500 and 700 ms. Afterwards, a second photograph appeared showing an object from a different perspective for 1000 ms. Participants were then required to make a response within 1500 ms (left or right button press) to determine whether the two photographs were of the same object or not.
The task consisted of 3 blocks containing 72 trials each (216 trials in total). On each trial, two photographs were shown, amounting to 432 object pictures in total (12 pictures per object). Half of the trials showed the same object on both photographs. For non-matching photographs, both objects were from the same training group. To account for possible repetition effects, each object was photographed from four different perspectives (see also [23] ). Hence, each individual picture was shown three times, with the pictures being randomly assigned to either the first or second presentation per trial. The software "Presentation" was used to control stimulus timing and response recording (version 13.0, Neurobehavioral Systems, Albany, CA, USA).
After the post training EEG measurement, participants received a paper-pencil questionnaire including colored pictures depicting each of the 36 objects from one perspective. They were then asked to indicate, if the depicted object was part of the observation or visual exploration training condition (OBS, VIS) or if the depicted object was not part of the training (NO). Participants indicated this by marking the respective training condition ("observation of manipulation", "visual exploration" or "not part of the training") that were listed next to the object pictures. This procedure was used to ensure that subjects were able to distinguish between the objects and remembered their occurrence during training (see [24] ).
EEG recording
EEG assessment during the performance of the visual matching task took place in the psychophysiology laboratory of the Institute of Cognitive Neuroscience at Ruhr University Bochum, Germany. EEG was recorded at 30 scalp sites, with a sampling rate of 500 Hz, using a Brain Amp "Professional Powerpack" amplifier and the "Brain Vision Recorder" software (Brain Products, Munich, Germany). Using an elastic nylon electrode cap, Ag-Cl electrodes were arranged according to the International 10-20 System (F7, F3, Fz, F4, F8; FT7, FC3, FCz, FC4, FT8; T7, C3, Cz, C4, T8; TP7, CP3, CPz, CP4, TP8; P7, P3, Pz, P4, P8; PO7, PO3, POz, PO4, PO8). Mastoid electrodes served as references and one ground electrode was attached to recording site FPz. All impedances were kept below 10 k . "Brain Vision Analyzer 2" software (Brain Products, Munich, Germany) and MATLAB (Mathworks, Natick, MA, USA) were used for off-line EEG data analysis.
Analysis of ERD/ERS
Electrodes of interest for ERD/ERS analysis were at sites C3 (left hemispheric) and C4 (right hemispheric), since ERD at these sites is related to activation of primary sensory-motor cortex [15, 27] .
A Butterworth Zero Phase Filter (low cutoff 0.5305, time constant 0.300 s with 12 dB/oct; high cutoff 40 Hz, 12 dB/oct) was applied to the EEG raw data. Then, an Independent Component Analysis (ICA) was performed for each participant to remove eye blink artifacts from the raw data [28] . An ICA converts the EEG data into a matrix containing spatially fixed and temporally independent components where the number of EEG channels matches the number of components. Eye blink related distortions are characterized by symmetric, frontally pronounced positivity. The eligible component showing these characteristics was removed from the data set by performing an ICA back transform. Subsequent visual inspection of the data ensured that ocular artifacts were largely removed by this approach. By careful visual inspection, trials including muscular, movement-related or other artifacts on the electrodes of interest (C3, C4) were then removed from the data set. Data were then segmented into different conditions according to the object sets (i.e. OBS, VIS and NO). Only the first object picture per trial was analyzed, because we were mainly interested in modulations due to different training conditions while processing of the second photograph might have been confounded by the task demands, e.g., the decision process, and by whether the two presented pictures represented matches or non-matches. A 1000 ms epoch before stimulus onset was taken as the reference interval for ERS/ERD analysis, during which the exclamation mark and fixation cross were presented. The main epoch used for analysis for the first picture was 1000 ms in duration, and thus covered exactly the presentation time of the picture. The alpha frequency bands of 8-10 Hz and 10-12 Hz were analyzed, which both reflect sensory-motor processing in frontoparietal cortices [29] , but can be differentiated by their somatotopical specificity for foot and hand movements. The lower mu rhythm does not show differences in mu rhythm modulation for finger or hand movements over motoric hand or foot areas, hence representing a more widespread, non-specific activation. On the contrary, the upper mu rhythm is characterized by a larger modulation for hand movements compared to the modulation during the observation foot movements over the motoric hand areas [14] .
To compute ERD/ERS, the data were bandpass filtered and amplitude samples were squared. The power samples across all trials were then averaged. ERD was calculated as power decrease whereas ERS was calculated as power increase in relation to the reference interval [30] . The formula for ERD/ERS calculation was [(power of frequency band − power of reference interval)/power of reference interval × 100] [15] . After computation of ERD/ERS, the traces were smoothed using a moving average with a time window of 126 ms. Topographic maps were created using spherical spline interpolation in "Brain Vision Analyzer 2" software (Brain Products, Munich, Germany).
Statistical analysis
Statistical analyses were computed with IBM ® SPSS ® Statistics 20.0.0. Mean reaction times and accuracy in the visual matching task were analyzed with a 2 × 3 repeated-measures analysis of variance (ANOVA) comprising the factors TIME (pre, post) and STIMULUS TYPE (OBS, VIS, NO). Reaction times were averaged across match and mismatch trials and across correct and wrong responses. As for reaction time data, accuracy was analyzed across match and mismatch trials.
ERD/ERS analysis was conducted separately for epochs of 200 ms within the 1000 ms following stimulus presentation, yielding 5 epochs of 200 ms each trial (see Fig. 3 ). A repeated-measures ANOVA comprising the factors TIME (pre, post), STIMULUS TYPE (OBS, VIS, NO) and ELECTRODE (C3, C4) was then conducted for each 200 ms epoch within the specific frequency bands of 8-10 Hz and 10-12 Hz. Results for all main effects and interactions including at least one of the factors TIME or STIMULUS TYPE will be reported. Of particular interest were those interaction effects including both factors TIME and STIMULUS TYPE. Paired t-tests were used to resolve interactions. Greenhouse-Geisser corrected results and degrees of freedom are reported in case of significant violations of sphericity as measured by the Mauchly's test [31] .
Results
Behavioral data
Performance in the matching task
Mean accuracy and mean reaction times (in ms) during the matching task before and after training are depicted in Table 1 . An ANOVA with the factors STIMULUS TYPE (OBS, VIS, NO) and TIME (pre, post) for reaction time data revealed a main effect of TIME (F(1,20) = 15.052; p = .001), showing that participants were faster to respond in the visual matching task after object training. No further significant effects for reaction time data were found (all p > .360).
The respective ANOVA for accuracy data with the same factors also yielded a significant main effect of TIME (F(1,20) = 16.615; p = .001) which shows that participants were overall more accurate after object training in the post compared to the pre training session. A significant main effect of STIMULUS TYPE (F(2,40) = 4.733; p = .014) indicates differences in accuracy between object types, Table 1 Mean RT data (ms) and accuracy (%) for the performance in the visual matching task (standard deviation in brackets). Furthermore, no significant interaction of both factors was found (p = .420).
NO VIS OBS
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Assignments of objects to the training condition
After the second EEG session was completed, participants correctly recognized on average 10.95 OBS (SD = 1.16), 10.81 VIS (SD = 2.25) and 11.14 NO (SD = 1.01) (maximum score is 12 for each object set). No difference between object sets with respect to assignment performance was found (p = .701).
ERD/ERS analysis
3.2.1. Analysis of the lower mu frequency band of 8-10 Hz Fig. 2 displays the grand average ERD/ERS traces for pre and post training sessions at electrodes C3 (A) and C4 (B) during the accomplishment of the visual matching task for OBS, VIS and NO.
In the frequency band of 8-10 Hz, none of the main effects or two-way interactions reached significance for any of the time windows (all p > .05). However, a significant three-way interaction was found in the time window of 0-200 ms (F(2,40) = 3.460; p = .041; all p > .05 for the other time windows). For the resolution of this interaction, one-factorial ANOVAs with the factor STIMULUS TYPE were conducted, separately for the electrodes C3 and C4 and for pre and post training acquisitions. This resolution revealed no pre training differences between stimulus types at C3 and C4 electrodes (both p > .400). At electrode C3, a significant linear trend for differences between stimulus types emerged in the post training data (F(1,20) = 4.735; p = .042). Maximal ERD was seen for OBS (mean = −19.83% ERD/ERS; SD = 20.95), followed by VIS (mean = −13.48% ERD/ERS; SD = 20.57) and NO (mean = −9.45% ERD/ERS; SD = 21.37). When single conditions were compared directly by means of post hoc t-tests, a significant difference was found only between OBS and NO (t(20) = 2.18; p = .042), but not between OBS and VIS or VIS and NO (both p > .189).
A general post training effect of STIMULUS TYPE was found at C4 (F(2,40) = 3.350; p = .045), with a different overall pattern. Here, there was no clear relationship between the type of training and the ERD. Instead, ERD for VIS and OBS were, at least descriptively, comparable. When compared statistically, ERD for VIS (mean = −17.50% ERD/ERS; SD = 19.29) was significantly larger compared to NO (mean = −7.29% ERD/ERS; SD = 18.80; t(20) = 2.76; p = .012). For OBS (mean = −13.95% ERD/ERS; SD = 17.76) ERD was numerically larger than for NO, but this difference was not significant (p = .116). Likewise, VIS and OBS did not differ significantly from each other (p = .413). No significant effects of interest were found in the remaining time windows (200-400 ms, 400-600 ms, 600-800 ms and 800-1000 ms) at 8-10 Hz (all p > .326). Topographic maps of ERD activity for the first 200 ms pre and post training are displayed in Fig. 3 , showing that OBS led to a large ERD pronounced at scalp regions over the left-central, primary sensorymotor cortex.
To exclude the possibility that there was a link between the lower accuracy for NO in the post training EEG session and the ERD effect for the different object types, a correlation analysis between accuracy values and post training ERD was performed. The accuracy data were not normally distributed (defined by the Kolmogorov-Smirnov test for normality distribution; all p < .05). The post hoc bivariate Spearman analysis revealed no significant correlations between ERD at electrode C3 with post training accuracy in the matching task (all p > .339). Additionally, there was no significant correlation between the magnitude of ERD and time span in which the three training sessions took place (time interval between the first and last training session), or between ERD and the time interval between the first day of training and the post training EEG assessment, or between ERD and the time span between the last training session and the post training EEG assessment (all p > .105).
Analysis of the upper mu frequency band of 10-12 Hz
No significant effects of interests were found for all time windows in the frequency band of 10-12 Hz (all p > .05).
Discussion
The present study aimed at elucidating the impact of observational learning of manipulation on the processing of pictures of invented, previously unfamiliar tools. Within three training sessions, participants observed one set of the invented tools being manipulated (OBS) and visually explored a second set for which they were only informed about the tools' functions but not the concrete manipulation (VIS). A third set served as an untrained control (NO) and was not part of the training. In sum, our results demonstrated that the different types of training did have a differential modulatory effect on sensory-motor cortex activation when seeing the tools after training. More specifically, on scalp regions over left sensory-motor cortex this modulation was characterized by a linear trend of mu ERD depending on the type of object-experience (NO, VIS and OBS, respectively), whereby seeing non-trained objects induced the least ERD, and those for which manipulation was observed induced the greatest activity. Over right sensory-motor cortex, significant mu rhythm modulation by training was also found, with significantly larger ERD for VIS in comparison to NO.
It is now generally accepted that conceptual representations involve different types of knowledge related to specific modalities [32] . For tools, associations with manipulation and function play a particularly important role. The role of experience in the emergence of new representations is the matter of an ongoing debate. The present study addressed this issue by systematically varying the type of object-related experience. Although it is not possible to induce highly elaborated object representations in just three training sessions, the design with previously unfamiliar, manipulable objects [23, 24] allowed insights into an important mechanism involved in the emergence of tool representations, that is, the learning of object-action associations. The current study is, to our knowledge, the first to provide evidence for an effect of the type of object-related experience on object-processing by motor-related brain structures, as reflected by the mu rhythm. The finding of mu rhythm modulation for tools which were observed during manipulation is consistent with studies on the processing of familiar tools, which also showed early mu rhythm suppression [20] . For the OBS of the present study, the observation of the concrete steps of manipulation could have led to the formation of action representations and motor plans that were associated with the objects. There is evidence that the mu rhythm reflects general motor-related activity: during action imitation and observation, mu rhythm modulation correlates with BOLD responses in a rather broad cortical network consisting of inferior parietal lobe, premotor and frontal cortex, as well as medial frontal cortex, thalamus, temporal lobe and cerebellum [19] .
A possible mechanism underlying the effect of manipulation observation on the subsequent processing of tools might relate to the human mirror neuron system (hMNS). It has been shown that certain neurons in area F5 of the monkey cortex, called "mirror neurons", discharge during the observation of others performing object-related actions [8] [9] [10] . This property has been proposed to represent a direct matching mechanism by which the observed motor action is mapped onto the observer's internal motor representations, consequently activating them [11, 12] . During the observation of manipulation training in the present study, mirror neurons might have been activated, finally leading to the activation of the motor system elicited by the mere sight of the tools objects. Even though some studies suggest that the mu rhythm is related to activation of the hMNS ( [16] for review, see [29] ), the link of the present findings to the hMNS is speculative. A further possible explanation of the mu modulation could relate to an involvement of the canonical neuron system that was shown in the monkey cortex to respond to graspable objects per se and during self-executed object-directed grasping [33] . A partial involvement of the canonical neuron system seems likely, but no direct conclusions can be drawn from the current design. Future studies should investigate in more detail where the mu rhythm modulation evoked by tool stimuli originates from.
Concerning the timing, the early effect within 200 ms is in line with the effect reported by Proverbio [20] , who found mu rhythm desynchronization for familiar tools within 140-175 ms. Furthermore, the left lateralization of the specific effect for OBS is in line with previous studies investigating conceptual representations induced via active manipulation experience [23, 24] , with studies investigating processing of familiar tools [4, 20, 34, 35] and with some studies on the observation of object-directed grasping (e.g., [36] ). For example, a recent ERP study showed a similar lefthemispheric asymmetry for the visual processing of tools: seeing unimanual and bimanual tools activated the left premotor cortex, as was indicated by source analysis [35] . There is also evidence that representations of motor action planning are largely left lateralized (for review, see [37, 38] ). Additionally, the left-lateralization of the presumably generated action representations and motor plans is in accordance with the Function system of the "Two Action System" approach [2] that is proposed to calculate and store conceptual representations comprising features of actions, creating associative action-object links. Therefore, the effect for OBS found at scalp regions over left sensory-motor cortices in the present study supports the interpretation of an activation of action representations and motor plans during the sight of objects, for which manipulation was learned by observation.
For VIS, information about the function of the objects was provided verbally during the training, possibly leading to associations between the object and functional goal-related semantic information. The activation of the motor cortex in response to VIS after training corroborates recent findings of Cross et al. [39] who showed that both observation of knot tying and linguistic training can induce object representations. However, they found activation for linguistically induced representations about how to tie knots in the parietal cortex, and not, as it is suggested by the pattern found in the current study, in more anterior regions. The activation observed in the present study might be triggered by the formation of predictive models of motor plans that were generated in response to the semantic information. Studies have shown that mu frequency can be modulated by reading sentences relating to hand actions [40] and that manual action training can improve linguistic understanding of semantically related sentences [41] , therefore demonstrating a close relation between the semantic and the motor system and between different types of access to the semantic system. The predictive action plans induced by VIS appear, however, to differ from the motor plans elicited by OBS, as is indicated by the different topographies of OBS and VIS training effects.
The effect for OBS and VIS measured on scalp regions over sensory-motor cortices was restricted to the 8-10 Hz frequency band. Contrary to our finding, the effect found by the Proverbio [20] study was only seen in the 10-12 Hz frequency band. It is conceivable that the processing of familiar and previously unfamiliar tools recruits, at least to some extent, different mechanisms. A possible explanation is provided by a study of Pfurtscheller et al. [14] who argue for a dissociation between the lower (8-10 Hz) and the upper mu rhythm (10) (11) (12) . Both frequency bands show the typical desynchronization before movement initiation but the lower mu rhythm shows no somatotopic specificity, i.e. it is desynchronized by either finger or foot movements, whereas the location of the upper frequency is different for finger versus foot movements and also evoked by movement imagination [18] . The authors suggest that the somatotopically unspecific effect within the lower mu rhythm reflects an unspecific activation of the motor cortex independent of the actual execution of specific movements, maybe representing a presetting mechanism of motor neurons that are part of the activated representation areas. Hence, the effect observed by Proverbio [20] could rely on the activation of specific motor plans that were evoked during the sight of the familiar tool stimuli, whereas the objects of the present study elicited a more unspecific activation of sensory-motor cortex.
In sum, the present study showed that the perception of unfamiliar tools that were previously observed to be manipulated, and were hence associated with concrete actions, led to mu suppression on scalp regions over left sensory-motor cortex within the first 200 ms after stimulus presentation. This effect suggests sensory-motor cortex activation as a result of indirect manipulation experience with an object, independent of object affordances, possibly related to the stored representations of object-action associations. Additionally, the perception of objects that were only visually explored, and for which information about the specific function was provided verbally, also led to mu rhythm suppression. For those objects, semantic information might have led to the formation of predictive motor plans that are related to the provided general tool-associated function.
